A hemicyanine based ratiometric fluorescence probe for mapping lysosomal pH during heat stroke in living cells † Heat stroke is a lethal condition which can cause dysfunction in the central nervous system, multi-organ damage and even death.
However, there is still limited knowledge of the detailed mechanism about the roles of lysosomes in heat stroke due to lack of effective tools. Herein, we introduce our previously developed hemicyanine with a large D-p-A structure as the key fluorophore to develop a new fluorescent probe (CPY) for ratiometric mapping of lysosomal pH changes in live cells under a heat shock stimulus.
Heat stroke (HS) is a heat-related pathology when the body temperature rises to 40 1C or higher. This hyperthermia is associated with central nervous system dysfunction and dry skin, which is a life-threatening condition. 1 Heat stroke during annual heat waves affects immunocompromised individuals with weakened health status, as well as individuals on medications (or drug users) or certain genetic conditions, and environmental factors are also responsible for heat stroke. Additionally, long-term consequences of heat stroke increase the risk of multiorgan damage, long-term disability and even death. [2] [3] [4] [5] Particularly, systemic inflammatory response syndrome is considered to be closely related to heat stroke. 4 However, compared to the emerging diseases that are thought to be due to heat stroke, the molecular and organelle mechanisms of this heat-related pathology are poorly understood. While, it has been found that heat shock proteins are involved in protecting heat-stroke-associated diseases, 6, 7 information concerning heat cytotoxicity, molecular and subcellular organelle behaviour during a heat stimulus in live cells is still limited. The lysosome is a vital subcellular organelle with a quite distinct pH (3.5-6.0) from cytoplasm (pH 7.2). [8] [9] [10] Due to the appropriate acid environment, a diversity of functions such as the digestion and degradation processes of hydrolytic enzymes are maintained, 11 which is closely linked to other cell processes, including plasma membrane repair, energy metabolism, etc.
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A steady-state lysosomal acidic environment is maintained by the proton-pumping V-type ATPase, which pumps from the cytosol to the lysosomal lumen. 20 Besides physiological processes, recent studies in SW480 cells unveiled that heat stress could activate the lysosomalmitochondrial apoptotic pathway involved in the increase of lysosomal membrane permeability. 21 And heat stroke might become another significant pathology responsible for aberrant lysosomal pH due to the increased lysosomal membrane permeability during a heat shock stimulus. [22] [23] [24] Thus, further investigation into the interplay between lysosomal behaviour and heat stroke in live cells will allow for a better understanding of the detailed mechanism of heat stroke at the subcellular level. Examples of exploring lysosomal pH changes under a heat shock stimulus are rare despite the fact that numerous fluorescence based probes have been developed for sensing lysosomal pH in live cells. [25] [26] [27] [28] To the best of our knowledge, only two examples have been previously reported for detecting lysosomal pH changes during a heat shock stimulus. Ma et al. used a ratiometric fluorescent probe to identify the lysosomal pH rise under heat stroke. 29 While Yin et al. developed an ''off-on''
naphthalimide based probe to explain the relationship between the change of lysosomal pH values and heat stroke. 30 However, the ratiometric fluorescent probe from Ma's group is based on the merged images of two channels to detect the pH changes in live cells and Yin's work is based on the ''turn-on'' fluorescence signal. Thus, a ratiometric map of lysosomal pH changes under heat stroke is still urgently needed because pH changes could then be directly observed with more accuracy and high resolution using the self-calibrated ratiometric fluorescence signal, which is of paramount importance in understanding the roles of a The Education Ministry Key Laboratory of Resource Chemistry, Shanghai Key lysosomes in heat stroke. Herein, to develop an effective ratiometric imaging tool for mapping lysosomal pH changes in live cells under a heat shock stimulus, we designed and synthesized a new ratiometric fluorescent probe for investigating the interplay between lysosomal behaviour and heat stroke in live cells. Our design was based on our previously developed ratiometric fluorescence based probe CPH that has a stable and large p-electron conjugated merocyanine system (D-p-A structure), and could be used for the ratiometric fluorescence sensing of intracellular pH in live cells. 31 The relatively low pK a (6.44) value of CPH also makes it mainly localize in lysosomes. Given that a heat shock stimulus might increase the lysosomal membrane permeability, which likely causes the leakage of the lysosomal pH indicators into the cytoplasm matrix, we attached a lysosome-targeting group, morpholine, 32 to CPH to provide a new ratiometric pH probe CPY (Scheme S1, ESI †) for specific labelling of lysosomes and ratiometric sensing of the lysosomal pH changes during the heat shock stimulus. Herein, the morpholine group could be used as the anchor for the localization of CPY in lysosomes, and the CPH part was taken for ratiometric sensing of pH changes ( Fig. 1 ).
The spectroscopic properties of CPY were first assessed in ultrapure water with different pH values. The maximum absorption of CPY at 430 nm gradually shifted to 538 nm with pH values increasing from 3 to 11. And an isosbestic point was observed at 473 nm. Upon excitation at 473 nm (Fig. 3a) , the maximum emission intensity at 522 nm decreased accompanied by an increase of fluorescence emission intensity at 557 nm when the pH value of the solution was increased (Fig. 3a and Scheme S1, ESI †), indicating the ratiometric fluorescence sensing of pH changes. Meanwhile, the pK a value of CPY was calculated by fitting the fluorescence intensity ratio changes (F 522 /F 557 ) against the pH values. Interestingly, the pK a value of CPY is 5.96 (Fig. S3b , ESI †), which is slightly lower than that of CPH. These results suggested that CPY could be suitable for targeting lysosomes, where the pH value is in the range of 3.5-6. We then evaluated the reversibility of the probe CPY using NMR analysis ( Fig. S4 and S5, ESI †). The fluorescence of CPY in water at pH 11.0 was measured and the fluorescence intensity ratio between the maximum emission at 522 and 557 nm (F 522 /F 557 ) was recorded. Then the pH value of the CPY solution was adjusted to 3.0. The F 522 /F 557 ratio increased from about 0.18 to nearly 1.2 when the pH value of the water solution decreased from 11 to 3. This sensing process could be repeated at least 5 times, indicating the high reversibility of CPY relative to pH changes due to protonation/deprotonation of the phenol group of CPY (Fig. 2) .
Then, the stability of the fluorescence performance of CPY was evaluated towards different aqueous solutions with pH values of 4.5, 7.4, and 10.5, respectively (Fig. S1b, ESI †) . No change of the fluorescence ratio F 522 /F 557 was observed, even when the time increased to 110 min, indicating a stable pH sensing process with CPY. To explore if other biological reagents could interfere with the pH sensing of CPY, some commonly available biological species were evaluated as interferences (Fig. S1 , ESI †). The ions and bioactive molecules had imperceptible influence on the fluorescence of CPY in both weak acid (pH = 4.5) and neutral (pH = 7.2) environments ( Fig. S1c and d, ESI †) . Finally, the influence of different temperatures (from 37 1C to 45 1C) on the fluorescence of CPY was also investigated. The fluorescence ratio F 522 /F 557 of CPY solutions at pH values of 4.0, 6.0 and 9.0, respectively, remained stable when the temperature increased from 37 1C to 45 1C. All these results demonstrated the stable fluorescence performance of CPY in ratiometric sensing of pH changes (Fig. S6, ESI †) .
The excellent photophysical performance of CPY prompted us to investigate its sensing performance towards intracellular pH in live cells. CCK-8 assays were initially conducted to evaluate the cytotoxicity of CPY. After the cells were treated with CPY for 24 h, no changes in cell viability were observed when the concentration of CPY is below 50 mM (Fig. S7, ESI †) . However, it is interesting that some cytotoxicity for HeLa cells is observed when the concentration of CPY was increased to 70 mM, which was not observed for our previously reported probe CPH. We deduced that this phenomenon was a result of the alkaline morpholine moiety of CPY which could specifically interact with lysosomes and the long incubation (24 h) will lead to an increase of lysosomal pH and induce the apoptosis of the HeLa cells. Herein, 50 mM of CPY was used for the live cell imaging and no significant cytotoxicity was observed. Then, confocal laser scanning microscopy (CLSM) was used to perform ratiometric fluorescence imaging with CPY in live cells. A fluorescence signal in both channel 1 (green, 500-550 nm) and channel 2 (yellow, 570-620 nm) was observed, suggesting good cell membrane penetration of CPY and its potential application in intracellular labeling (Fig. S8, ESI †) . In addition, the fluorescence signal from both channels was localized in a small and spherical zone, indicating lysosomal labeling. Considering the lysosomal pH range of 3.5-6.0, 8 the pK a value of CPY (5.96) makes it localize in lysosomes and exist both in acidic and basic forms. It is notable that the relatively strong fluorescence signal from channel 1 compared to the fluorescence in channel 2 revealed that the acidic form of CPY is preferable to the basic form of CPY in the lysosomal environment (Fig. S8 , ESI †).
To confirm whether CPY is a promising lysosome-targeting probe, colocalization experiments were conducted. The commercially available lysosome probe LysoTracker Deep Red was costained with CPY in live cells (Fig. S10a, b and S9, ESI †) . The Pearson's correlation coefficient was calculated to be 0.898, which is higher than our previously reported probe CPH (Table S1 , ESI †). These results indicated that the weakly basic amine -morpholine group -could improve the lysosome-targeting specificity. Furthermore, both the linear region of interest (ROI) and 3D surface plot analysis with the ImageJ software showed a large overlap between the CPY stained fluorescence signal and the commercial LysoTracker Deep Red stained signal (Fig. S10c-f, ESI †) . Meanwhile, the CPY stained fluorescence signal collected from channel 1 also has the similar overlay results with the commercial LysoTracker Deep Red signal (Fig. S9 and S10, ESI †). All the results indicated that CPY was a lysosomal specific labelling probe and could be used for the ratiometric fluorescence sensing of pH changes of lysosomes in live cells.
CPY was then used to investigate the fluctuation of lysosomal pH during heat stroke by ratiometric fluorescence imaging. Temperatures of 41 1C and 45 1C were used as model heat stroke temperatures, while 37 1C was used as the control (normal temperature). It has been shown that temperature could induce the pH increase of lysosomes due to increased membrane permeability. 29, 30 In order to confirm whether CPY could still accumulate well in lysosomes under heat stroke, colocalization experiments were conducted in live cells at 41 1C and 45 1C, respectively. Then the cells were cooled to normal temperature under incubation at 37 1C for another 20 min. The CPY signal collected at channel 2 (yellow) had a significant overlap with the commercial LysoTracker Deep Red signal, indicating the superior lysosome-targeting specificity of CPY under heat stress (Fig. 4) . This phenomenon could be ascribed to the presence of the lysosome-targeting group morpholine, which was trapped in the lysosomes during the heat stress stimulus. Finally, the ratiometric sensing of pH changes in lysosomes under heat stroke was performed in live HeLa cells. Compared to the fluorescence images from the control group of HeLa cells stained with CPY at 37 1C for 40 minutes, the fluorescence images of CPY (50 mM) loaded HeLa cells at 41 1C or 45 1C exhibited a gradual decrease in green fluorescence (channel 1, 500-550 nm) and simultaneous enhancement in the yellow fluorescence (channel 2, 570-620 nm) as the temperature increased. Moreover, the ratiometric images were constructed from the fluorescence signals in the yellow channel (channel 2) relative to the green channel (channel 1) using the ImageJ software (Fig. 4a, ratio (yellow/green) ). After the cells were exposed to an increased temperature, the pH increase in lysosomes was clearly mapped through the ratiometric signal from the fluorescence ratiometric images. The ratiometric images taken using CPY stained cells could provide clearly visible information about the pH distribution in lysosomes under heat stroke. Additionally, the fluorescence emission ratio values of average emission intensity for yellow images (channel 2) and green images (channel 1) were calculated using semi-quantitative calculations (Fig. 4b) . Correspondingly, the average fluorescence emission ratio values increased from about 1.78 to 4.84 under heat stress. Notably, all the heat shock experiments were conducted on cells that were firstly treated with heat stress at 41 and 45 1C, respectively, followed by cooling to normal temperature under incubation at 37 1C for another 20 min. Compared to the control cells that were incubated at 37 1C for another 40 min, the ratiometric fluorescence signal from the heat shock stimulus increased even when the cells were cooled to normal temperature under incubation at 37 1C for another 20 min after the heat stroke stimulus, which confirms the previous research result that the increase in lysosomal pH during heat shock is an irreversible process. 29 An uneven pH distribution among lysosomes was also captured using enlarged ratiometric images (Fig. S13, ESI †) , suggesting that not all lysosomes in one cell have the same response to heat stroke. Commonly several hundred lysosomes may be present in a single animal cell, which might be ascribed to the existence of different types of lysosomes with various functionalities in live cells. 33, 34 Thus, it is an interesting phenomenon that might point to differences in individual lysosomal behavior in a single cell during heat stress. In summary, a new ratiometric fluorescent probe (CPY) was synthesized for the detection of pH changes in lysosomes under heat stroke. This was achieved by introducing a lysosomal targeting group morpholine into our previously developed ratiometric pH sensitive probe CPH; CPY contains both ratiometric pH sensing ability and lysosomal localization. Our results demonstrated that CPY has a high selectivity and stability in the sensing of pH fluctuation through ratiometric fluorescence signal readout. Live cell imaging suggested that CPY was mainly trapped in lysosomes and there is little leakage even during heat stroke. More importantly, unlike the previously reported fluorescence results constructed by merging images from both red and green channels, 29 the ratiometric images were constructed from the CPY stained fluorescence signal from the yellow channel (channel 2) relative to the green channel (channel 1). The ratiometric images from the CPY stained cells clearly mapped the pH increase in lysosomes with increases in temperature during heat stroke and provided visible information about pH distribution in lysosomes through the discriminating pseudo-color relative to the different pH values.
Importantly, we observed an uneven pH distribution among lysosomes during heat stroke, which may indicate that not all lysosomes have the same response to a heat stimulus. In view of the compelling role of lysosomes in heat stroke [22] [23] [24] and the increasing evidence for the lysosomal pH increase during heat stroke, 29, 30 our work provides an effective ratiometric imaging tool for mapping lysosomal pH changes in live cells under a heat shock stimulus as well as a potential chemical tool for unveiling the underlying mechanism of the behavior of lysosomes during heat stroke. We thank the National Natural Science Foundation of China (Grants 21672150 and 
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